Aluminium-based Al-Fe alloys with Fe content of 2, 4, 5, 8 and 11 mass% were examined using X-ray diffraction and Mössbauer spectroscopy. The alloys were prepared by various techniques: remelting, accelerated cooling by centrifugal casting, rapid quenching from the melt at a rate of 10 6 K/s, and mechanical alloying of pure elements in high-energy planetary ball mill. It is shown that the crystalline structure refinement and the composed phases of the alloys essentially depend on the techniques used for the sample preparation. Phase transformations by severe plastic torsion deformation of the alloys prepared by various techniques were studied. The highest supersaturation of Fe in the aluminium-based solid solution can be reached using two subsequent techniques of alloy treatment: rapid quenching and high-pressure torsion.
Introduction
Application of the methods of extreme action on metal materials, primarily, rapid quenching (RQ), mechanical alloying (MA) and high pressure torsion (HPT), in some cases, leads to the formation of alloys with unique combination of advantageous properties, which are determined by the peculiarities of the crystal structure of the alloys. The Al-rich alloys of the Al-Fe system are of particular interest to researchers. Preparation of these alloys by above-mentioned extreme-action methods allows to obtain supersaturated solid solution and stable or metastable intermetalic compounds.
A number of papers were devoted to the investigation of the structure and properties of Al-based Al-Fe alloys prepared by the RQ method. Rapid quenching results in the formation of Al-based supersaturated solid solution and/or metastable intermetallic phases. [1] [2] [3] [4] [5] [6] [7] [8] Difference in the solidification conditions, such as cooling rate, affects strongly the composed phase of RQ alloys. 5) The effect of ball milling on the phases existing the RQ Al-Fe alloys containing 1-14 mass%Fe was investigated. 9) The ball milling reduced the amount of the metastable Al 6 Fe phase, because iron intensively dissolved in aluminium. Preparation of Al-based Al-Fe alloys by MA was reported in papers. 8, 10, 11) Significant dissolution of Fe in Al by MA was reached only by Mukhopadhyay et al., 11) at the same time, the presence of the α-Fe phase even after prolonged milling was reported. 8, 10) The HPT technique has been recently developed as a suitable technique for the metastable nanostructure material preparation.
12) The HPT technique was used to produce Al-11 mass%Fe solid solution using a cast alloy as the initial material. 13) The obtained solubility of Fe in Al was of 1 at% only (hereafter, we used the mass% for the total concentration of Fe in alloys and at% for the solubility of Fe in the Al lattice). In this study we present the results of investigation of phase and structure transformations in Al-based Al-Fe alloys, prepared by various combinations of extreme action methods, such as MA and RQ. Special attention will be payed to the results obtained for materials subjected to combination of MA, RQ and severe plastic deformation.
Experimental Techniques

Sample preparation
Mechanical alloying was carried out using the AGO-2U planetary ball mill. Carbonyl iron (99.95%) powder (particle size 5-10 µm) annealed in hydrogen and aluminium (99.9%) powder (particle size 40-60 µm) were used as the starting materials. The powders without preliminary mixing were loaded into the mill vials in the ratios corresponding to the test compositions. The ball-to-powder weight ratio was 1:10. Rotation velocity of carrier was 685 rpm, and milling duration was 6 h. It was shown by preliminary experiments that the mechanical alloying without the addition of surfactant leads to the formation of compact layers of treated mixture on the inner surface of vial and on the balls. To prevent this formation, the MA was conducted with the addition of small amounts of benzene.
Accelerated cooling (AC) disk billets of 80 mm in diameter and 0.6 mm in thickness were produced using an equipment for centrifugal casting. A preliminary treatment of the melt is as follows: heating up to 1223 K, exposure for 0.5 h and cooling at a rate of 10 4 K/s. Rapid quenching was performed by standard melt-spinning device using a quartz crucible and a steel wheel at a cooling rate of = 10 6 K/s. The obtained ribbons were about 20 µm in thickness. Severe plastic deformation was carried out by high pressure torsion. This device was firstly used 14) as a further development of the Brigeman anvil type device.
15) The method allows to fabricate disc-like samples of about 10 mm in diameter and 150 µm in thickness. The ingot was held between anvils and strained in torsion under the pressure of about 5 GPa. The lower holder rotates and surface friction forces deform the ingot by shear; the number of anvil turns was 5 in all our experiments. Due to the specific geometric shape of the sample, the material was strained under the conditions of quasihydrostatic compression under a high applied pressure. As a result, in spite of large strains, the deformed samples were not destroyed.
Sample analysis
The X-ray diffraction (XRD) analysis of the samples was performed with a DRON-3 diffractometer using CuKα and CoKα radiation. To determine the parameters of X-ray patterns, such as a lattice constant a and the coherent-scattering region size (block size) D, the original program software 16) was used. Block size D was calculated by analysing the profiles of two lines of diffractogram, which correspond to a common phase. The Mössbauer spectroscopy was performed on the Co 57 source in the Cr matrix under the conditions of source motion with constant acceleration by a two-side saw. Depending on the spectrum complexity, the collection at the background level was performed within the limits of 0.1-5 millions pulses/channel. The total number of accumulator channels was 400 and after the convolution of two symmetrical spectra, the calculation by 200 points was performed. Microhardness of samples was measured by a PMT-3 instrument.
Results
Composed phases and structure
Mechanically alloyed samples
Mechanically alloyed samples with Fe contents of 5 and 11 mass% were studied both by XRD and Mössbauer spectroscopy. In the case of Al-based Al-Fe alloys, Mössbauer spectroscopy is a considerably suitable method of the phase and structure analysis rather than XRD. Firstly, the presence of α-Fe phase may not be observed because of the coincidence of X-ray pattern lines of α-Fe and Al. Secondly, the solubility of Fe in Al can be calculated directly from the Mössbauer spectra, whereas, in case of XRD, we have to compare the data on lattice parameters with the literature data to obtain this level of accuracy. Taking into account a wide scatter of the published data, 3, 6, 7, 9, 10) we conclude that the results obtained from the XRD data are not precise. Finally, the quantitative phase analysis is not possible from the X-ray data in case of very small amount of the intermetallic phase. That is the reason why we considered the information obtained from Mössbauer spectra to be more reliable than the one obtained from X-ray diffraction patterns.
Both the X-ray diffraction and Mössbauer analyse show that only the MA treatment does not produce a considerable dissolution of Fe in Al. The Mössbauer spectra (Figs. 1(a), (c)) can be fitted by the sextet and central components. The sextet components with an effective magnetic field intensity of 330 kOe correspond to Fe atoms in the α-Fe phase. The central component, which can be described as a doublet or a broadened singlet, has a positive (approximately + 0.3 mm/s) isomeric shift. The central component of the spectra cannot be described more accurately due to its small amount. This component, most probably, corresponds to the intermetallic phases, but may involve the line corresponding to Fe atoms in the Al-based solid solution. Figure 1 also gives the quantitative ratios between the spectrum components. A fraction of spectrum area occupied by a certain component, with sufficient accuracy, can be taken to be equal to the fraction of Fe atoms in the corresponding phase. It is seen from Figs. 1(a), (c) that for both as-milled alloys, about 95%Fe atoms are located in the α-Fe phase (hereafter named "free Fe", and, correspondingly, only about 5%Fe atoms are incorporated in the crystalline lattice of Al and/or intermetallic compounds (hereafter named "bonded Fe").
Figures 1(b), (d) shows the Mössbauer spectra of the MA samples subjected to HPT. For both test compositions, the HPT reduces the amount of "free Fe" and, correspondingly, raises the amount of "bonded Fe". The largest fraction of bonded Fe forms as a result of HPT for the samples with the lower Fe content. The unmilled mixture of source powders was also subjected to the HPT, and the transition of Fe from the "free" into "bonded" state was found to be even larger than that in the MA samples. It means that the deformation effect of HPD is stronger than the effect of MA under the given conditions. Table 1 lists the data of X-ray diffraction analysis for the MA+HPT samples. It is evident that the samples possess very fine nanocrystalline structure. The lower is the Fe content, the lower is the block size.
To determine the solubility of Fe in the Al lattice x XRD we used the linear dependence of lattice constant a on the Fe concentration in Al obtained by Jones, 17) who summarised the large body of experimental data. This linear dependence is described by the equation
where x XRD is expressed in at%. Using eq. (1), we estimated the Fe concentration in the crystalline lattice of Al (Table 1) . For the sample with 5 mass%Fe, the Fe solubility is low (not more than 0.2%); for the sample with 11 mass%Fe, furthermore, the amount of dissolved Fe in Al lattice is also not large (about 0.4 at%). Comparing these results with the data of Mössbauer spectroscopy, we can estimate a fraction of Fe atoms, which are located in the intermetallic phases ξ using the following ratio:
where Ω is a fraction of "bonded Fe" atoms, obtained by Mössbauer spectroscopy, %, and c is a Fe concentration in an alloy, in at%. For the samples containing 5 and 11 mass%Fe, ξ was obtained to be 9.4% and 1.5%, respectively. Thus, we may conclude that the treatment of Fe and Al powder mixtures both by the MA and HPT methods under the above conditions does not lead to the complete interaction between the components. In all specimens, a considerable amount of α-Fe is retained, more than 85% iron atoms are always located in this phase. A slight dissolution of Fe in the crystal lattice of Al as well as the formation of the intermetal- 
Cast and acceleratedly cooled alloys
The effect of the HPT on the composed phase of an ascast and acceleratedly cooled (AC) Al-5 mass%Fe alloy was studied. Figure 2 shows the extracted diffraction patterns of an Al-5 mass%Fe as-cast sample (a) and after the HPT treatment (b). In addition to the intense lines corresponding to Al, the peaks in the Bragg angle range 2θ = 50
• -52
• and weak peaks at 2θ = 53.40
• and 2θ = 54.90
• are present in the diffraction pattern. These reflections, obviously, correspond to the intermetallic phases of Al-Fe system. The known diffraction peaks of Al 13 Fe 4 phase most closely correspond to the observed reflections. The HPT of the cast alloy changes the ratio between the intensities of diffraction peaks of Al. A similar effect is expected for the intermetallic phase which also changes at HPT (Fig. 2(b) ). The intensity of the peaks in the range 2θ = 50.9
• decreases and the intensity of the peak at 2θ = 54.9
• increases markedly. These variations can be due to a change of texture of the Al 13 Fe 4 phase, which, obviously, will change under HPT simultaneously with the Al texture. At the same time, the presence of the peak at 2θ = 54.9
• may suggests the presence of another phase, probably, Al 5 Fe 2 . Table 1 lists the results of the X-ray pattern analysis. The HPT significantly reduces the block sizes. The results of precise measurement of lattice parameters of the alloys are also listed in tion in Al is observed in this case. The preliminary Mössbauer examination of all the samples of the present series revealed the absence of sextet components corresponding to the α-Fe phase; hence, the further study was conducted in a narrow range of velocities. Figures  3(a), (b) shows the spectra of the cast Al-5 mass%Fe alloy prior to and after the HPT. The Mössbauer spectrum of the initial cast alloy can be fitted by (1) the component corresponding to the Al 13 Fe 4 phase, which consist of three singlets of the same intensity 18, 19) and also by a doublet (2) with the parameters close to the literature data 18, 19) for the metastable Al 6 Fe phase. We suppose that actually this phase is present in the alloy, but the amount estimated from the Mössbauer data is small (less than 5%), so it cannot be detected by the X-ray diffraction.
The Mössbauer spectrum of the cast alloy after the HPT (Fig. 3(b) ) can be fitted by three components: (1) the component corresponding to the Al 13 Fe 4 phase and (3 and 4) two doublets. One of the doublets (4) corresponds to the Al 5 Fe 2 phase, 18) which was predicted from the X-ray diffraction data. The other doublet (3) indicates that more than 30%Fe atoms can be related to the metastable Al m Fe phase. 8) Parameters of the spectra fitting are presented in Table 2 .
Another structural regularities were observed for the AC alloy with the same composition. Figure 2 shows the extracted diffractogram of the AC Al-5 mass%Fe alloys before (c) and after (d) HPT. In the pattern of the initial alloy, the peaks corresponding to intermetallic phases are present. The HPT leads to a considerable decrease in the intensity of the intermetallic peaks due to a significant decrease of block size and high texture of this alloy. The results of precise measurements of the lattice parameters (Table 1) show that the HPT of the AC alloy leads to a considerable dissolution of Fe in Al. Figure 3 shows the Mössbauer spectra of the initial AC alloy (c) and the alloy subjected to the HPT (d), whereas fitting parameters of spectra are presented in Table 2 . The spectrum of the initial AC alloy can be fitted by the component (1) corresponding to the Al 13 Fe 4 phase and the doublet (2) with the parameters close to the known 18, 19) data for the metastable Al 6 Fe phase, which is often observed in the alloys produced by the quenching from liquid. In addition, it is fitted by one more doublet (3), which is similar to the doublet (3) for the Velocity, V/mm s .
Velocity, V/mm s . cast alloy subjected to the HPT (Fig. 3(b) ). As was mentioned above, it can be related to the metastable Al m Fe phase. The Mössbauer spectra of the AC alloy after the HPT (Fig. 3(d) ) can be fitted by the same components as those for the initial alloy, and also a singlet (5) corresponding to Fe atoms in the Al-based solid solutions. 18, 19) To calculate the solubility of Fe in Al from the Mössbauer data x MS we used the following relation:
where x MS is expressed in at%, Ξ is a fraction of Fe atoms, situated in Al-based solid solution, in %, Ψ i is a fraction of Fe atoms, situated in the intermetallic compound i, in %. Values of Ξ and Ψ i were taken to be equal to the area of Mössbauer spectrum component corresponding to Fe in the Al lattice and to the intermetallic phase, correspondingly. n i is an amount of Al atoms per one Fe atoms in the certain intermetallic phase according to its stoichometry. For the phase with the unknown stoichometry Al m Fe we used n = 6. This assumption has no significant effect on the x MS magnitude. The value of x MS for AC alloy after the HPT, calculated by eq. (3), was found to be 0.3 at%, which is significantly lower than x XRD (see Table 1 ) for the same sample. This difference may occur because the XRD method analyses only the surface layer of samples. The surface layer of sample examined by XRD at used X-ray radiation and in the used 2θ interval of 30
• -120
• , was from 5 to 25 µm, which is about ten times less than the sample thickness. Mössbauer spectroscopy measurements, which were performed in transmission geometry, examined all the body of sample.
Thus, it is shown that the HPT of cast alloys does not lead to the dissolution of Fe in Al, while the HPT of the acceleratedly cooled alloy leads to the formation of the Al-based solid solution. This means that the microcrystalline structure and the presence of metastable phases are required in the initial samples to provide the dissolution of Fe in Al by SPD.
Rapidly quenching alloys
To investigate the effect of HPT on the composed phases of the RQ alloys, three samples, with Fe content of 2, 4 and 8 mass% were used. Results of the X-ray analysis of the initial RQ alloys are presented in Table 3 . No significant dissolution of Fe in Al was observed for these alloys. Mössbauer spectra of RQ alloys (Figs. 4(a), (c) , (e)) show the formation of two intermetallic phases in these samples: stable Al 13 Fe 4 (1) and metastable Al m Fe (3). The singlet (5) corresponding to the solid solution of Fe in Al was also found in these spectra. Parameters of the Mössbauer spectra are presented in Table 4 . Concentrations of the Al-based solid solution calculated from the Mössbauer data by eq. faction close to the data of XRD analysis (see Table 3 ). Table 3 shows that, according to both XRD and Mössbauer data, HPT of all the samples of this series results in the formation of solid solution of Fe in Al. Figures 4(b) , (d), (f) shows Mössbauer spectra of the RQ alloys after the HPT treatment. From these data, HPT, beside the solid solution formation, affects strongly the phases existing also. For the alloy with 2 mass%Fe, HPT causes the disappearance of both the Al 13 Fe 4 and Al m Fe phases and the formation of the metastable Al 6 Fe phase (2) . For samples with Fe contents of 4 and 8 mass%, the Al m Fe phase disappears as a result of HPT and only the Al 13 Fe 4 stable phase was observed. We propose that for the alloy with 2 mass%Fe the Al 6 Fe phase is formed at HPT because after partial dissolution of Fe in Al the number of Fe atoms is inadequate to preserve Al 13 Fe 4 phase. At the same time for alloys with higher Fe content, the stable Al 13 Fe 4 phase, which is more enriched by Fe, was formed.
Microhardness
The state of samples produced by HPT allows to determine their microhardness, the results are listed in Table 5 . The obtained data show that the highest value of microhardness is reached using the combination of one of the extreme action methods (MA or RQ) with HPT. The highest microhardness was found in the Al-8 mass%Fe alloy, prepared by the combination of RQ and HPT. Samples prepared by HPT of powder mixture or AC alloys, as well as the initial as-cast, AC and RQ alloys, show low magnitudes of microhardness. In general this result is expectable: the more is the supersaturation of Al-based solid solution and the higher is the degree of dispersion of the intermetallic phase, the higher value of microhardness can be reached. So, we can conclude that the combination of extreme action methods with HPT can be used for producing bulk samples with high microhardness. Our recent experiments show the possibility of the further increased microhardness of the Al-Fe alloys by ageing at temperatures between 373 and 473 K. 13) Such an effect is probably caused by the further refinement of the severely deformed structure due to decomposition of supersaturated phases. This possibility will be further investigated in the next work. 
Conclusions
The highest solubility of Fe in the Al-based solid solution may be reached using the combination of rapid quenching and severe plastic deformation by torsion. The first technique provides distribution of iron between nanostructured Al 13 Fe 4 and Al m Fe intermetallic compounds, whereas the second one brings up the dissolution of these phases in aluminium matrix. The maximal solubility of Fe in Al (2.2 at%) was observed for Al-8 mass%Fe alloy prepared by RQ and HPD. Microhardness of the alloys increases with an increase of Fe solubility in Al, and the highest value (3.4 GPa) was reached for the same sample. The formation of the nanocrystalline structure may also cause an increase in the microhardness, as it was obtained for mechanically alloyed samples. 
